virus in an infected individual, (3) dysregulation of the immune system by viral proteins and (4) ability of the proviral genome to integrate into the host genome, have prevented their approval for use in humans [1, 2] . Furthermore, several potential risks of DNA vaccines, including tumor induction due to chromosomal integration, autoimmune reactions as a result of the induction of anti-DNA antibodies or adverse reactions due to the biological activity of the vector or the expressed antigens have not yet been ruled out [3] . Because of these difficulties, a safe and effective HIV vaccine suitable for prophylactic and therapeutic use in humans is urgently needed.
Virus-like particles (VLPs) are stable, self-assembling, nonreplicating and noninfectious particles capable of inducing immune responses without containing any viral genome or other potentially toxic viral gene products [4] [5] [6] . Recent research in HIV vaccine strategies has focused on the use of VLPs as highly attractive HIV-1 vaccine candidates because of their ability to elicit humoral and cellular immunity more effectively than soluble proteins [7, 8] .
VLPs are incorporated into dendritic cells (DCs) via actin-dependent macropinocytosis and endocytosis. VLP uptake is also induced by receptor-mediated endocytosis. Mannose-recognizing receptors, including the DC-SIGN receptor, which belongs to the C-type lectin family, are reportedly involved in this process. The DC-SIGN receptor, present on the DC surface, recognizes VLPs and enhances internalization for lysosomal degradation, antigen processing and cross-presentation on both MHC class I (MHC I) and MHC class II (MHC II) molecules. VLPs induce maturation and activation of monocyte-derived DCs (MDDCs), and this effect is partially mediated through Toll-like receptors [9] [10] [11] . Previous reports have shown that Gag-VLPs induce CD4 + T cell activation and CD8 + cytotoxic T lymphocyte (CTL) responses as well as B cell-mediated humoral immunity [9, [12] [13] [14] [15] [16] [17] . Despite these findings, little is known about the ability of GagVLPs to elicit natural killer (NK) cell immune responses.
DCs are the most potent antigen-presenting cells of the immune system and play a pivotal role in the initiation and regulation of immune responses to various antigens. Antigen-loaded DCs acquire a mature phenotype associated with the production of proinflammatory cytokines and stimulate CD4
+ T cells and CTL responses [18] [19] [20] . The mature DCs migrate towards the lymphoid organs, where they interact with NK cells, inducing the activation and proliferation of these cells. The interaction between DCs and NK cells initiates innate signals that orchestrate subsequent adaptive immune responses [21] [22] [23] [24] [25] .
NK cells are the primary effector cells of the innate immune system and are essential for the immune control of infections and tumors through production of cytokines such as interferon (IFN)-␥ and the potent lysis of infected cells or tumor cells, without the need for prestimulation. Notably, other than activated T cells, NK cells are the only known source of IFN-␥ which shapes the pattern of innate and adaptive immune responses [26] [27] [28] . The innate immune response of NK cells against HIV is crucial both for the subsequent course of the infection and for the induction of an efficient adaptive response. Both NK cell cytotoxicity and cytokine production are impaired in HIV-1 viremic patients. Preservation of NK cell activity and cell number correlates with lower plasma viral load and slower progression to AIDS [29, 30] . Moreover, because NK cell responses following vaccination correlate with clinical outcome more closely than do T cell responses, the effectiveness of an HIV vaccine should be evaluated by monitoring the potentially important NK cell responses after immunization [31] .
In this article, we demonstrate that Gag-VLP-treated MDDCs (VLP-DCs) underwent activation and maturation characterized by the increased surface expression of costimulatory molecules, including CD80, CD86, MHC I and MHC II, and the production of proinflammatory cytokines, including IL-12 p70, IL-15, TNF-␣ , IFN-␣ and IFN-␥ . MDDCs subsequently activated NK cells, inducing their proliferation, release of IFN-␥ and enhanced cytotoxicity. Next, we immunized BALB/c mice with GagVLPs in a phase I immunization study to examine the activation of DCs and NK cells in vivo. These experiments were followed by a phase II immunization study in which mice were inoculated with splenic DCs of phase Iimmunized mice to assess the contribution of DCs to the induction of NK cell immune responses.
In conclusion, we show that Gag-VLPs induce activation and maturation of DCs, which then mediate NK cell innate and Gag-specific immune responses. Our findings reveal that Gag-VLPs are an effective HIV-1 vaccine candidate for prophylactic and therapeutic purposes in humans.
Materials and Methods

Mice and Cell Culture
Six-to 8-week-old female BALB/c mice were purchased from Nippon SLC (Hamamatsu, Japan). All mice were maintained under specific-pathogen-free conditions. All animal experiments were carried out in compliance with institutional guidelines and approved by the animal experimentation committee of the Chiba
Generation of Recombinant Baculovirus and Wild-Type HIV-1
The baculovirus transfer vector pAcCAG-gag containing the HIV-1 gag gene was generated by cloning of cDNA encoding the HIV-1 (NL4-3) gag gene into the multiple cloning site of the baculovirus transfer vector pAcCAG-MCS2, under control of the mammalian CAG promoter. HIV-1 gag was first cloned into the Dra III and Nru I sites of pcDNA3.1 and then excised with Kpn I and Not I endonucleases and ligated into the Kpn I and Not I sites of the pAcCAG-MCS2 vector. Recombinant baculovirus (Ac-CAG-gag) was generated by cotransfection of Sf9 cells with the baculovirus transfer vector pAcCAG-gag and AcMNPV DNA using a BD Gold Baculovirus transfection kit (BD Biosciences) according to the manufacturer's protocol. AcCAG-gag was expanded in Sf9 cells, and the titer was determined by plaque assay. Wildtype HIV-1 NL4-3 (X4-tropic) was generated by transfection of HEK-293T cells with HIV-1 plasmid (pNL4-3) using FuGENE 6, and culture supernatant was collected on day 2. Viral p24 content was measured by ELISA using Lumipulse.
Production of Gag-VLPs in HeLa Cells
HeLa cells were infected with recombinant baculovirus Ac-CAG-gag at a multiplicity of infection of 100 for 1 h at 37 ° C, washed twice with PBS to thoroughly remove the baculovirus and then replenished with fresh culture medium. After incubation for 3 days, the culture supernatant was clarified by centrifugation at 2,500 rpm for 20 min and filtered through a 0.45-m filter. VLPs were then pelleted at 19,000 rpm for 2 h at 4 ° C with a Beckman NVT-100 rotor, resuspended in PBS, purified by 20-60% sucrose gradient centrifugation at 25,000 rpm for 90 min and again resuspended in PBS. Protein concentrations of purified Gag-VLP samples were determined using a BCA TM protein assay kit (Pierce). Gag-VLP preparations were determined to be free of endotoxin ( ! 0.01 endotoxin units/ml) using a Pyrodick endotoxin kit (Seikagaku Co., Tokyo, Japan).
Preparation of Human MDDCs
Human peripheral blood mononuclear cells were separated from buffy coats using Ficoll-Paque density gradient centrifugation. Monocytes were allowed to adhere to plastic plates at 37 ° C for 2 h, and nonadherent cells (peripheral blood lymphocytes, PBLs) were removed. Monocytes were washed with medium and cultured for 6 days in DC culture medium consisting of RPMI-1640 (Sigma) supplemented with 2 m M L -glutamine (Sigma), 50 M 2-mercaptoethanol (Sigma), 1% nonessential amino acids (Gibco) and 10% fetal calf serum in the presence of 20 ng/ml GM-CSF and IL-4 (PeproTech, London, UK). On days 3 and 5, one half of the volume of medium was replaced with fresh medium supplemented with GM-CSF and IL-4. On day 6, MDDCs were purified by positive selection using a CD1c + (BDCA-1) DC isolation kit (Miltenyi Biotec Inc., Auburn, Calif., USA).
MDDC Activation and Analysis
Human MDDCs (1 ! 10 6 ) were incubated with Gag-VLPs (10 g/ml), lipopolysaccharide (LPS; 1 g/ml; Sigma) or medium alone (control) for 24 h. For phenotypic analysis, MDDCs were washed and stained with FITC-conjugated anti-human CD1a and PE-conjugated anti-human CD80, CD86, HLA-ABC or HLA-DR (eBioscience) and analyzed using a FACSCalibur flow cytometer and CellQuest software. Culture supernatants were collected to quantify IL-12 p70, IL-15, TNF-␣ , IFN-␣ and IFN-␥ levels using ELISA kits (BD Biosciences, San Diego, Calif., USA). MDDC proliferation was evaluated using a CellTiter 96 proliferation assay kit (Promega) and carboxyfluorescein succinimidyl ester (CFSE; Invitrogen) labeling. For the proliferation assay, MDDCs treated with Gag-VLPs, LPS or medium alone were incubated in a 96-well plate (5 ! 10 3 cells/well in 100 l) for 5 days in triplicate wells. CellTiter 96 reagent containing MTS (20 l) was added to each well, and samples were incubated for 4 h at 37 ° C. The absorbance of light released from formazin was recorded with a plate reader. 
Intracellular Cytokine Staining
Intracellular cytokine staining for IFN-␥ -producing NK cells from NK/DC cocultures was performed after 18 h of coculture. The transport inhibitor brefeldin A (10 g/ml; Sigma-Aldrich, St. Louis, Mo., USA) was added to cocultures for the last 4 h. NK cells were surface stained with anti-CD56-PE and permeabilized with Cytofix/Cytoperm reagent (BD Pharmingen) according to the manufacturer's instructions. Cells were then stained with anti-IFN-␥ -FITC and examined by FACS analysis.
NK Cell Proliferation
NK cell proliferation was analyzed using the CellTiter 96 proliferation assay and CFSE labeling. NK cells were cocultured with MDDCs treated with Gag-VLP or LPS or with untreated control MDDCs at a DC to NK ratio of 1: 5 for 5 days. NK cell proliferation was analyzed using the CellTiter 96 proliferation assay kit (Promega) as described above. For CFSE labeling, NK cells were labeled with 5 M CFSE and cocultured with MDDCs at a DC to NK ratio of 1: 5 for 5 days. To assess the degree of proliferation, CFSE-labeled NK cells were then stained with anti-CD56-PE, and the decrease in CFSE fluorescence intensity was measured by flow cytometry. 
NK Cell Cytotoxicity Assays
Immunization of Mice and Analysis of Immune Responses
Six-week-old female BALB/c mice were immunized using a 2-phase immunization procedure. In the phase I immunization, 4 groups of BALB/c mice, each consisting of 3 subgroups with 4 mice each, were injected intramuscularly with 50 g of Gag-VLPs or 1 g of LPS resuspended in 100 l of sterile PBS without addition of adjuvants. Control mice were left untreated. Twenty-four hours after priming, mice from the first group were sacrificed, spleens were removed and activation of splenic DC and NK cells was assessed by flow cytometry. Seven days after priming, the first booster immunization was administered to the remaining 3 groups of mice using the same doses. Twenty-four hours after the first booster injection, mice from the second group were sacrificed and spleens were removed for flow cytometry. On day 14, the remaining 2 groups of mice were given a second booster injection using the same doses. After 24 h, mice from the third group (donor mice) were sacrificed, and blood samples were collected for ELISA quantification of serum IFN-␥ . Spleens were removed for flow cytometry. At the same time, splenic DCs were separated from the remaining spleen cells using a mouse CD11c + DC isolation kit (Miltenyi Biotec) and subsequently used in phase II immunizations. Mice from the fourth group were sacrificed 3 weeks after the second booster injection, and spleens were collected. A portion of the spleen cells was used for intracellular staining of IFN-␥ -producing NK cells without re-stimulation. The remaining spleen cells were re-stimulated overnight with 5 g/ml GagVLPs and used for ex vivo cytotoxicity assays and intracellular staining of IFN-␥ -producing NK cells. For intracellular staining, brefeldin A (10 g/ml) was added, and samples were incubated for an additional 4 h and processed as described above.
In the phase II immunization, 4 groups of (recipient) BALB/c mice, each consisting of 5 animals, were intraperitoneally injected with purified splenic DCs (1 ! 10 6 cells/mouse) from each group of mice from the phase I immunization. All mice were sacrificed after 24 h, serum samples were collected for the quantification of IFN-␥ and spleens were removed for flow cytometry analysis. All immunizations were performed in 2 independent experiments in accordance with institutional animal experiment guidelines.
Ex vivo Cytotoxicity Assay
NK cells were separated from the spleens of the fourth group of phase I-immunized or control mice using a mouse NK cell isolation kit (Miltenyi Biotec) after restimulation with Gag-VLPs and used as effector cells. Spleen cells isolated from non-immunized BALB/c mice were used as target cells. Target spleen cells were pulsed with Gag-VLPs (5 g/ml) for 2 h and seeded in a 96-well round-bottomed tissue culture plate (1 ! 10 4 cells/well) in triplicate. Effector NK cells were then added at effector to target ratios of 10: 1, 5: 1, 2.5: 1 and 1.25: 1 and incubated for 4 h. Lysis of target cells was determined by measuring LDH release using the Cytotox 96 nonradioactive cytotoxicity assay kit as mentioned above.
Statistical Analysis
All data are presented as means 8 SD. Statistical analysis was performed using Student's t test. A p value of ! 0.05 was considered a significant difference.
Results
Gag-VLPs Induce Activation and Proliferation of DCs
Given the crucial role of DCs in antiviral innate immunity, we sought to investigate whether HIV-1 GagVLPs could activate human DCs in vitro. Treatment of MDDCs with Gag-VLPs resulted in increased expression of the activation markers CD80, CD86, MHC I and MHC II. MHC II expression was especially elevated and reached levels higher than those observed upon treatment of MDDCs with LPS ( fig. 1 a) . We next examined the secretion of IL-12 p70, IL-15, TNF-␣ , IFN-␣ and IFN-␥ by VLP-DCs in the culture supernatant. The levels of cytokines induced by VLPs were comparable to those induced by LPS ( fig. 1 b) . We then investigated the proliferation of MDDCs using a proliferation assay kit and CFSE labeling. The results of both experiments showed that VLPDCs and LPS-stimulated DCs (LPS-DCs) proliferated to a similar extent ( fig. 1 c) . These results indicate that GagVLPs induce activation and maturation of DCs, which are associated with the production of specific cytokines and proliferation in vitro.
Activation of NK Cells by VLP-DCs
To determine whether human NK cells were functionally modified by VLP-DCs in vitro, MDDCs were cocultured with autologous NK cells at a 1: 5 ratio for 18 h, and NK cell activation was evaluated by measuring the expression of the NK cell activation marker CD69. NK cells cocultured with VLP-DCs exhibited a statistically significant 6-fold increase in CD69 expression over NK cells cocultured with control DCs ( fig. 2 a) . We next assessed the amount of IFN-␥ in cocultured supernatants by ELISA. NK cells cocultured with VLP-DCs produced higher levels of IFN-␥ than did NK cells cocultured with control DCs ( fig. 2 b, left panel) . This finding was further substantiated by intracellular staining of NK cells, which showed an increase in the frequency of IFN-␥ -producing NK cells following coculture with VLP-DCs ( fig. 2 b, right panel) . fig. 2 d) .
In vivo Activation of DC and NK Cells by Gag-VLPs
To investigate whether Gag-VLPs can induce immune responses in vivo, we introduced a 2-phase immunization strategy in BALB/c mice as illustrated in figure 3 
Splenic DCs of Gag-VLP-immunized mice expressed higher levels of MHC I, MHC II and the DC activation markers CD80 and CD86 than splenic DCs of control mice, and the degree to which these markers were upregulated was similar to that observed in splenic DCs of LPS-immunized mice ( fig. 3 b) . In vivo activation of NK cells was examined by analyzing CD69 expression on splenic NK cells after each immunization. NK cells from Gag-VLP-immunized mice showed a significant increase in the expression of CD69 after the second booster injection ( fig. 3 c) . We next investigated serum IFN-␥ levels 24 h after the second booster injection ( fig. 3 d, left panel) and the frequency of IFN-␥ -secreting splenic NK cells after restimulation with Gag-VLPs, 3 weeks after the second booster injection. Only immunization with VLPs resulted in a Gag-specific memory response, as evidenced by an increased frequency of IFN-␥ -producing splenic NK cells only in VLP-immunized mice ( fig. 3 d, right  panel) .
Next, to investigate whether Gag-VLPs could induce Gag-specific NK cell cytolytic responses, splenic NK cells (effector cells) of the fourth group of phase I-immunized mice or control mice were restimulated and cocultured with Gag-VLP-loaded splenocytes (target cells) at various effector to target ratios, and cytotoxicity was analyzed by measuring the lysis of target cells. NK cells from Gag-VLP-immunized mice displayed a dose-dependent increase in Gag-specific cytolytic activity higher than that observed in control mice and LPS-immunized mice ( fig. 3 e) . Together, these data demonstrate that HIV-1 Gag-VLPs induce not only NK cell innate immune responses but also Gag-specific memory responses in vivo.
DCs from Gag-VLP-Immunized Mice Trigger NK Cell Activation and IFN-␥ Production in vivo
One of the major aims of this study was to investigate whether activation of DCs and NK cell immune responses could be induced by Gag-VLPs. Remarkably, immunization of mice with splenic DCs isolated from phase I, Gag-VLP-immunized mice resulted in NK cell activation in vivo to an extent nearly as great as that observed in mice immunized with DCs isolated from LPS-immunized mice. In contrast, NK cells of mice immunized with DCs isolated from control mice showed no increase in expression of CD69 ( fig. 4 a) . Furthermore, ELISAs ( fig. 4 b, upper panel) and intracellular staining ( fig. 4 b, lower panel) demonstrated that inoculation of mice with DCs isolated from VLP-or LPS-immunized mice resulted in increased IFN-␥ secretion in vivo. 
CD4+ T cells E:T ratio
In conclusion, we show that Gag-VLPs efficiently activate human MDDCs in vitro and murine DCs in vivo. Furthermore, VLP-activated DCs subsequently induce innate immune responses as well as HIV-1-Gag-specific immune responses in NK cells.
Discussion
Despite extensive efforts to combat AIDS, the global HIV-infected population continues to increase on a daily basis. Highly active antiretroviral therapy results in significant suppression of HIV viral load but is unable to eradicate the virus from the body because of the appearance of resistant strains. One of the greatest hopes for preventing HIV infection and progression to AIDS is the development of an effective prophylactic or therapeutic vaccine.
In recent years, Gag-VLPs have been shown to be highly attractive HIV vaccine candidates because of their ability to activate multiple cell types such as DCs, T cells and B cells [9, 15, 16] . In this report, we used an HIV-1 Gag-VLP as an immunogen in a vaccine against HIV to induce DC-mediated NK cell immune responses. Previous reports showed that HIV envelope glycoprotein 120 (Env-gp120)-containing VLPs mainly induced Th2-polarizing cytokines (IL-6, IL-10 and TNF-␣ ) and failed to induce significant levels of Th1-polarizing cytokines (IL-12 p70 and IFN-␥ ). The high levels of IL-10 and TNF-␣ induced by Env-VLPs could explain the aberrant function of immature DCs and impairment of T cell proliferation [32] . Moreover, gp120 induces production of IL-4, which drives synthesis of IgE and inhibits synthesis of antiviral IgG by B cells, inactivation of Th1 cells and inhibition of CTL responses [33] . The results from phase III trials showed that purified recombinant Env-gp120 failed to protect against HIV-1 infection and also failed to induce production of neutralizing antibodies to diverse primary isolates. The presence of HIV-1 Env-gp120 in GagVLPs switches the Th2 polarization in peripheral blood mononuclear cells from HIV-infected subjects [34] [35] [36] . For these reasons, HIV-1 Gag-VLPs are preferred as an HIV-1 vaccine candidate.
Internalization of VLPs into DCs occurs through actin-dependent macropinocytosis and endocytosis. VLP uptake is also induced by DC-SIGN-mediated endocytosis. The ability of Gag-VLPs to target DCs is an important advantage over other HIV vaccines because activation of DCs is essential for the induction of subsequent innate and adaptive immune responses. Although numerous reports have demonstrated Gag-VLP-mediated induction of CD4 + T cell activation, CTL responses and B-cell-mediated humoral immunity, reports on the induction of NK cell immune responses by Gag-VLPs are virtually absent.
Recent reports indicate that long-term non-progressing HIV-1 infection does not necessarily require the presence of broadly cross-reactive neutralizing antibodies; however, a strong antiviral cytotoxic activity has been shown to correlate temporally with the clearance of viremia during primary infection [37] . In contrast, reports showing a negative correlation between the number of Gag-specific CD8 + T cells and HIV viral load or progression to AIDS made it necessary to reevaluate the efficiency of HIV vaccines [38] . Recently, it became apparent that a CD8 + T cell-inducing vaccine failed in a phase IIB clinical trial. The trial was suspended after an interim analysis showed that the vaccine did not protect the trial participants against HIV infection and indicated that the presence of high numbers of cytokine-producing HIV-specific CD8 + T cells does not guarantee a better clinical outcome [39] . Taken together, Fig. 3 . Immunization of mice with Gag-VLPs and assessment of DC and NK cell activation. a Schematic representation of the phase I and phase II immunization regimens. In phase I immunizations, 4 groups of female BALB/c mice, each consisting of 3 subgroups with 4 animals, were immunized by intramuscular (i.m.) injection of 50 g of Gag-VLPs or 1 g of LPS or were left untreated. Twenty-four hours after priming, mice from the first group were sacrificed and their spleens were collected for analysis of DC and NK cell activation. The remaining groups of mice were given first booster injections using the same doses 7 days after priming. Mice from the second group were sacrificed after 24 h and their spleens were collected. Mice from the third and fourth groups were given a second booster injection on day 14. After 24 h, mice from the third group (donor mice) were sacrificed, and blood samples were collected for the quantification of serum IFN-␥ by ELISA. Spleens were removed for flow cytometry analysis. At the same time, splenic DCs were purified using a mouse CD11c + DC isolation kit (Miltenyi Biotec) and subsequently used in phase II immunizations. Mice from the fourth group were sacrificed 3 weeks after the second booster injection, and spleens were collected for flow cytometry. A portion of splenocytes was restimulated overnight with 5 g/ml Gag-VLPs and used for intracellular staining of IFN-␥ -producing NK cells and ex vivo cytotoxicity assays. In phase II immunizations, 4 groups of (recipient) BALB/c mice, each consisting of 5 animals, were adoptively transferred with purified splenic DCs (1 ! 10 6 cells/mouse) from phase Iimmunized (donor) mice from the third group. After 24 h, all mice were sacrificed and sera and spleens were collected for immunological assays. b Expression of mouse CD80, CD86 and MHC I and MHC II molecules on splenic DCs from the first group of phase I-immunized mice was analyzed by flow cytometry. these results suggest that in order to achieve an effective potential HIV vaccine, a strategy that results in induction of both nonspecific innate immune responses and specific immune responses against HIV is necessary.
In this study, we first demonstrated the activation of DCs and NK cells by Gag-VLPs both in vitro and in vivo by immunization with Gag-VLPs or splenic DCs isolated from VLP-immunized mice in a 2-phase immunization experiment.
We generated HIV-1 Gag-VLPs in mammalian HeLa cells to exclude the possible baculovirus contamination of VLP preparations, which may have affected the results of experiments intended to analyze the immunogenicity of VLPs. Our studies using these VLP preparations showed that incubation of human MDDCs with GagVLPs resulted in upregulation of the DC maturation markers MHC I and MHC II and of costimulatory molecules such as CD80 and CD86 ( fig. 1 a) . DC activation is also characterized by the production of cytokines that are important for the priming of innate and adaptive immune cells such as NK cells, CD4 + and CD8 + T cells. Thus, to determine the type of responses elicited by DCs stimulated with VLPs, we examined the secretion of IL-12 p70, IL-15, TNF-␣ , IFN-␣ and IFN-␥ in culture supernatants and demonstrated that Gag-VLP-treated DCs produced increased levels of cytokines ( fig. 1 b) . The quality and the quantity of DCs are important factors when attempting to induce effective immune responses in T cells and NK cells. To be effective, a vaccine must restore both the function and the number of DCs in HIVinfected persons. In vivo expansion of DCs after immunization has been shown to be necessary for the activation of other immune cells [16] . Moreover, since DC immunotherapy requires a sufficient quantity of functional autologous DCs, it is important that stimulation with Gag-VLPs should induce the activation and maturation of DCs as well as proliferation of functional DCs. We next used 2 methods to investigate the ability of GagVLPs to induce proliferation of human DCs in vitro. The results of CFSE labeling experiments and experiments using a proliferation assay kit both demonstrated the proliferation of VLP-treated MDDCs ( fig. 1 c) . To further prove the capability of VLP-treated DCs to stimulate NK cells, coculture experiments were performed to analyze NK cell immune responses. These experiments demonstrated that NK cells cocultured with VLP-treated DCs showed upregulation of CD69 expression, IFN-␥ production, proliferation and cytotoxicity against YAC-1 cells and HIV-infected CD4+ T cells ( fig. 2 ) . Furthermore, MDDCs produced IFN-␥ after stimulation with Gag-VLPs or LPS, but the presence of NK cells in cocultures significantly increased IFN-␥ levels (about 8-fold). Because the number of DCs in cocultures was 10 times less than that in DC-only cultures, we hypothesized that the IFN-␥ in NK/DC cocultures was produced mainly by NK cells.
Recent reports have demonstrated NK cell memory for specific antigens and NK cell involvement in both innate and adaptive immunity. Rapid NK cell responses during innate immune activation are also associated with longlasting antigen-specific NK cell memory responses [40] [41] [42] [43] [44] . NK cells can develop memory-like properties based on prior activation. These amplified NK cell responses are important for the early response to pathogens, and it may be possible to boost the NK cell response to subsequent infection by stimuli that result in the memory-like NK cell phenotype. NK cells can orchestrate specific immune responses to infection by recognizing pathogens through germ-line-encoded receptors such as toll-like receptors [45] .
In our studies, immunization of mice with Gag-VLPs resulted in activation of murine DCs and NK cells in vivo, supporting the results of in vitro experiments ( fig. 3 b-e) . We evaluated NK cell activation 24 h after each immunization with Gag-VLPs (prime, first and second booster injections) to verify the immediate NK cell response to each immunization and again 3 weeks after the last immunization to verify Gag-specific NK cell memory as shown in figure 3 d (right panel) and e. We found that the prime/boost regimen using Gag-VLPs significantly enhanced NK cell activation and Gag-specific NK cell immunity. In both LPS-immunized mice and Gag-VLP-immunized mice, nonspecific activation of NK cells was evidenced by the increase in CD69 expression shortly after (24 h) each immunization ( fig. 3 c) . In contrast, long-lasting Gag-specific NK cell immune responses of NK cells were only seen in Gag-VLP-immunized mice ( fig. 3 d, right panel, e) . These results demonstrate that Gag-VLPs are able to induce NK cell innate immune responses as well as HIV-1 Gag-specific memory responses.
Sailaja et al. [16] injected mice intraperitoneally with Gag-VLPs once and assessed the activation of splenic DCs, T cells and B cells on day 3. Our data showed that 24 h after priming, NK cell activation was not detected in the first group of mice. This is likely due to the early time point at which the mice were examined, a short time (24 h) after injection with Gag-VLPs, which is likely too short a time period to induce DC-mediated NK cell activation in vivo. NK cell activation was found to increase after each booster injection due to the increased activation of DCs induced by booster injections ( fig. 3 c) .
Adoptive transfer of DCs from VLP-immunized mice in the phase II immunization experiments revealed that Gag-VLP-immunized DCs could induce NK cell innate and Gag-specific immune responses in vivo ( fig. 4 a, b) .
In most previous adoptive transfer studies, mice were injected intraperitoneally with 1 ! 10 6 DCs [46] . Transferred DCs reportedly localized in the spleen as early as 3 h after intravenous injection and persisted for 24 h. DCs entering the popliteal lymph nodes from the footpad were also located 3 h after subcutaneous transfer [47] . Eggert et al. [48] injected mice subcutaneously, intraperitoneally and intravenously with 1 ! 10after intraperitoneal injection [48] . DCs adhere to endothelium within the splenic marginal zone through endothelium-specific homing receptors and chemokine receptor expression [49] . The required number of DCs, DC trafficking/migration patterns and subsequent immune responses differ greatly according to cell type, route of inoculation and the immune competency of recipient mice.
In this study, we evaluated the ability of Gag-VLPs to induce NK cell innate responses and HIV-1 Gag-specific NK cell adaptive immunity, which is essential for the immunological control of HIV-1 infection. These studies highlighted the role of DCs in VLP-based vaccine strategies. Our findings have significant implications for the design of a highly effective vaccine model for prophylactic and therapeutic purposes in HIV infection.
